Ml RNA, the catalytic subunit ofEscherichia coli RNase P, has been covalently linked at its 3' terminus to agarose beads. Unlike Ml RNA, which is active in solution in the absence of the protein component (C5) ofRNase P, the RNA linked to the beads is active only in the presence of C5 protein.
Affinity chromatography has been used to purify a variety of biologically important molecules such as enzymes, cofactors, and hormone receptors (1, 2) . Immobilized nucleic acids have been used to purify or identify proteins, both catalytic and noncatalytic, with which they interact. For example, ribosomal proteins that interact with 5S and 5.8S RNA have been identified by use of columns made with these rRNAs (3) (4) (5) . We now report the successful preparation of a column made with an immobilized catalytic RNA, which has been used successfully to purify the protein that, together with the RNA, makes up Escherichia coli RNase P in vivo.
RNase P is the enzyme responsible for maturation of the 5' termini of tRNA precursor molecules in vivo (6) . In all organisms investigated thus far, it has been found that the enzyme is composed of two kinds of subunits, one of which is RNA and one of which is protein, and both of which are essential for activity in vivo (7) . The RNA component (Ml RNA) of E. coli RNase P and of some other bacteria (8, 9) can, by itself, carry out the catalytic reaction under certain conditions in vitro. While ample quantities of these RNA molecules are available, studies of the holoenzyme complex from E. coli have been hampered by the difficulties in the purification of sufficient quantities of the pure protein component (C5 protein) for biochemical experimentation. The gene for this protein (rnpA) in E. coli has been cloned (10) but does not overexpress the gene product to a significant degree. We have increased our yield and facilitated preparation of C5 protein by using affinity chromatography, with immobilized Ml RNA, of cell extracts prepared from E. coli cells that harbor a novel subclone of the cistron and contain the rnpA gene adjacent to an inducible, strong promoter. In addition to CS protein (Mr 13,700), we have identified a second protein (Mr 27,000) that binds strongly to Ml RNA. METHODS Bacterial Strains and Plasmids. E. coli strain HB101 (F-, hsdS20, recA13, ara14, proAZ, lacYI, galk2, rpsL20, xyl-5, mtl-i, supE44, X-) was used as the host cell in the cloning experiments.
E. coli strain MRE600 was used as a source of RNase P. Cells were grown in the following media according to the required conditions for each experiment: LB medium, supplemented when necessary with ampicillin (50 ug/ml); M9 medium supplemented with glucose (2 mg/ml), leucine (50 pug/ml), proline (100 gg/ml), threonine (60 ,.g/ml), thiamine (1 /ig/ml), and, when necessary, ampicillin (25 ug/ml).
Plasmids pINIIIompAl [gift of M. Inouye (11); a pBR322 derivative that contains the ipp promoter and the inducible lac promoter-operator region upstream from the ompA gene] and pFHC1008 [donated by F. Hansen (10) ] were used in the construction of the subclones. Plasmid pRR1, carrying the Ml RNA gene, has been described (12) .
DNA Manipulations. Plasmid isolation and routine DNA manipulations were performed as described elsewhere (13) . Restriction enzymes, Klenow fragment of E. coli DNA polymerase, and T4 DNA ligase were purchased from New England Biolabs. Calf intestinal phosphatase was purchased from Boehringer Mannheim.
Purification ofMl RNA and RNase P. Ml RNA was purified from preparative polyacrylamide gels of total RNA from E. coli HB101 that contained the plasmid pRR1 as described earlier (12) .
Partially purified RNase P was obtained from cellular extracts of strain MRE600 after chromatography on DEAESephadex and precipitation with (NH4)2SO4 as described (14) . (15) . The labeled RNA (0.8 mg) was then oxidized with 10 mM sodium periodate (16) . To examine the efficiency of oxidation, the ability of the periodate-treated Ml RNA to act as a substrate in an RNA ligase condensation with cytidine 3',5'-[5'-32P]bisphosphate was tested (17) . We concluded that >95% ofthe Ml RNA was oxidized.
The 5'-end-labeled and oxidized Ml RNA (0.8 mg; 4 x 106 cpm, Cerenkov radiation) was coupled to 0.5 ml of agaroseadipic acid dihydrazide (P-L Biochemicals) as described (4), washed with 2 M NaCl until no further radioactivity was released, and packed in a Pasteur pipette. About 90% of the RNA was actually coupled to the gel as estimated from the radioactivity recovered in the washes.
Abbreviations: iPrSGal, isopropyl /-D-thiogalactoside; bp, base pair(s).
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Subcloning of the rnpA Gene that Codes for C5 Protein. The expression plasmid pINIIIR20 was constructed to increase the production of C5 protein. The inducible expression vector pINIIIompA1 (11) (18) is avoided in minimal medium. Note also that E. coli strain HB101 carrying pINIIIR20 cannot grow in the presence of 2 mM iPrSGal.
Purification of C5 Protein. Extraction ofRNAs. The RNAs present in S30 extracts or in RNase P, partially purified at least through the DEAE-Sephadex step (14) , were extracted with LiCl/EDTA by the method of Dijk and Littlechild (19) as used for preparation of active yeast ribosomal proteins (20) . (We also have used LiCl/EDTA to elute basic proteins from immobilized RNA as is described below.) One volume of extract was mixed with 2 volumes of 10.5 M LiCl, and EDTA (pH 8.0, adjusted with NaOH) was added to a concentration of 10 mM. The mix was gently agitated overnight at 4°C and centrifuged at 100,000 x g for 10 hr. The supernatant, containing the proteins, was dialyzed against buffer A (50 mM Tris HCl, pH 7.4/10 mM MgCl2/100 mM NH4Cl/10 mM 2-mercaptoethanol).
Affinity chromatography on immobilized MI RNA. The dialyzed supernatant from the previous step was loaded on the affinity column, and the sample was recirculated through the column overnight by a peristaltic pump. The column was then washed and eluted with buffer A that contained different concentrations of NH4Cl as indicated in the legends to Figs. 2 and 3. C5 protein was eluted in the final step with 7 M LiCl/10 mM EDTA, pH 8.0.
Electrophoresis of Proteins. Proteins were analyzed on 0.1% NaDodSO4/4 M urea/12.5% acrylamide gels by the method of Laemmli (21) . Total cellular proteins were analyzed from a cell pellet (from 0.5 ml of culture) that was boiled for 3 min in loading buffer and then loaded directly on the gel. Other protein fractions were precipitated with trichloroacetic acid in the presence of 15 ,ug of bovine serum albumin, when necessary, before boiling in loading buffer and loading. Protein concentrations were determined by the method of Lowry et al. (22) with bovine serum albumin as a standard.
Assays for RNase P Activity. Reconstitution assays were performed by the direct mixing method (8) in 50 mM Tris HCl, pH 7.4/10 mM MgCl2/100 mM NH4Cl. PEG (5% wt/vol) was added where indicated. Ml RNA activity was assayed in 50 mM Tris HCl, pH 7.4/100 mM MgCl2/100 mM NH4Cl/5% PEG. The precursor to E. coli tRNATYr was used as substrate (23) in all of the experiments reported here. All incubations were carried out at 37°C for the times indicated.
The reaction products were analyzed on 10% (wt/vol) polyacrylamide gels as described elsewhere (8) , and the amount of product formed was estimated by scanning densitometry of autoradiographs. When immobilized Ml RNA was assayed, its concentration was estimated from the radioactivity of its 5'-end label, determined by scintillation counting.
RESULTS
Properties of the Ml RNA Column. The 3' terminus of Ml RNA can be altered in various ways with little or no effect on the catalytic activity of the RNA (9, 24) . We verified (data not shown) that Ml RNA from E. coli, oxidized with periodate to create 2' and 3' keto groups, has similar activity to that of intact Ml RNA, just as Marsh and Pace (17) found for the RNA component of Bacillus subtilis RNase P. The oxidized Ml RNA was coupled through a dihydrazide adipic acid spacer to agarose beads as described, and a slurry of the resulting material was tested for RNase P activity. We chose the particular beads and spacer to reduce problems of steric hindrance.
When the Ml RNA-bead complex was assayed for activity ( Fig. 1) , the catalytic activity was almost fully recovered in the reconstitution assay with C5 protein (lanes 5 5-8) . A protein of apparent Mr 27,000 bound strongly to the column but could be separated from CS protein by elution with buffer that contained 0.7 M NH4Cl (lanes 11-13). After this elution, only C5 protein remained bound to the column, but it could be eluted along with almost all material that is active in the RNase P reconstitution assay by 7 M LiCl/10 mM EDTA (lanes 14 and 15) . This final elution step has been adapted successfully from the method used to separate ribosomal proteins from rRNA (19) . Each fraction was assayed for RNase P activity in the absence and presence of Ml RNA in buffer that contained 10 mM MgCl2. The only column fraction exhibiting significant activity in the presence of added Ml RNA was the one corresponding to that seen in lane 14 of Fig. 
(LiCI/EDTA wash).
The protein species eluted from the column that has been labeled as "C5 protein" comigrates with active C5 protein purified by a different (and less efficient) technique (8 purified RNase P (see text) was placed in buffer A that contained 5% PEG, and 12 ml (6 mg) was loaded on a 0.5-ml column containing 700 ,4g of bound Ml RNA. The sample (lane 2) was recirculated on the column for 15 hr at a flow rate of 6 ml/hr. The flow-through fraction was collected (lane 3) , and the column was washed in succession with 15 ml of buffer A that contained 5% PEG (not shown), 2 ml of buffer A (lane 4), three times with 0.6 ml of 0.37 M NH4Cl in buffer A (lanes 5-7), three times with 0.6 ml of 0.5 M NH4Cl in buffer A (lanes 8-10), three times with 0.6 ml of 0.7 M NH4Cl in buffer A (lanes 11-13), and twice with 0.4 ml of 7 M LiCl/10 mM EDTA (lanes [14] [15] The recovery of active C5 protein with this method was at least three times better than that obtained by preparative electrophoresis of the same amount of starting material (14) , and the purification was achieved in less than half the time needed for the latter method. It is difficult to estimate accurately the extent of recovery of C5 protein because reconstituted RNase P activity depended on the concentration of added C5 protein in a nonlinear fashion (unpublished data), and pure C5 protein was inactivated on dilution. The latter problem could be overcome, in part, by inclusion of PEG in the dilution buffer. Thus, our estimates of total recovered activity may be accurate only within a factor of 2.
If one assumes that at least one C5 protein molecule can bind to one Ml RNA molecule, the capacity of the Ml RNA column is 0.11 ,ug of C5 protein per Ag of Ml RNA available for binding. In the case we describe, the theoretical capacity is 77 Ag of C5 protein. The only limitation in scaling up this procedure is the availability of Ml RNA, and that is no longer a serious obstacle.
Amplification of C5 Protein in Vivo. To enhance the yield of C5 protein from crude extracts of cells, we subcloned, next to a strong, inducible promoter in pINIIlompAl, the gene that codes for C5 protein (rnpA) and the adjacent gene that codes for the ribosomal protein L34 (rpmH) from pFHC1008. Crude extracts were made from cells that harbored the new vector, pINIIIR20, and from the parent cells with no vector. These extracts were both subjected to electrophoresis for analysis of the protein content and also were passed over the Ml RNA column.
The production of proteins in cells with pINIIIR20, after induction with iPrSGal, is shown in Fig. 3 , lane 2. Lane 1 shows proteins from an extract of uninduced cells. Note the massive increase in the production of a protein that corresponds in mobility to L34, the gene that is adjacent to and upstream from rnpA, the gene that codes for C5 protein. Fig. 2 , but the 0.7 M NH4Cl washes were omitted); 4, flow-through fraction; 5, buffer A containing 5% PEG wash; 6, buffer A wash; 7-9, 0.37 M NH4Cl washes; 10-12, 0.5 M NH4Cl washes; 13-14,7 M LiCl/10 mM EDTA washes. Gels were dried and exposed for 24 hr (lanes 1-2), 1 wk (lane 3) , or 4 wk (lanes [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The arrows next to lane 2 indicate the positions of the L34 fusion protein (lower arrow) and C5 protein (upper arrow). The hatch marks next to lanes 2, 3, and 4 show the positions of the molecular weight (X 10-3) markers between lanes 3 and 4. The arrow next to lane 14 When an S30 cell extract, from which RNA had been removed with 7 M LiCl/10 mM EDTA (Fig. 3, lane 3 (20) . The C5 protein we purified is active in the reconstitution assay for RNase P activity and, thus, is highly suitable for further studies of the mechanism of action of RNase P.
At present we do not know if the Mr 27,000 protein is related to the function of Ml RNA or the processing of the precursor to Ml RNA in vivo. Although the size of the Mr 27,000 protein may be compatible with that of a dimer of C5 protein, it is not likely that such a dimer survives boiling in NaDodSO4 or electrophoresis through NaDodSO4 and urea, both procedures being part of our protocols. In addition, the Mr 27,000 protein is not seen in the final column fractions of 35S-labeled extracts of HB101 cells that do or do not harbor pINIIIR20, although large amounts of C5 protein are observed. This observation indicates that the Mr 27,000 protein lacks methionine residues and, therefore, is unrelated to C5 protein.
The elution from the affinity column of C5 protein over a wide range of salt concentrations is not unexpected because we know that Ml RNA can exist in a variety of conformations, some of which may provide higher specificity for binding of C5 protein (and Mr 27,000 protein) than others. However, the amount of active C5 protein recovered in these fractions is not well correlated with the apparent amount of protein, most of the activity being recovered in the final wash with 7 M LiCl/10 mM EDTA. At this point we cannot say for certain whether the species that comigrates with C5 protein is inactive or modified C5 protein, which binds less strongly to Ml RNA than does native C5 protein, nor do we know whether its activity is simply inhibited by the presence of basic proteins that copurify with it.
The amount of C5 protein in cellular extracts has been increased by subcloning a cistron that contains the gene coding for this protein (rnpA) from the plasmid pFHC1008 to a site adjacent to an inducible, strong promoter in the plasmid pINIIIompAl. Normally, rnpA is cotranscribed with the gene for ribosomal protein L34 (rpmH) and two other proteins (10), but no significant overproduction of the rnpA gene product is observed in cells harboring pFHC1008, although L34 is amplified (10) . When these two genes are placed adjacent to the lpp and lac promoters in pINIIIR20, an =6-fold amplification of C5 protein is observed, as judged by the amount of C5 recovered after affinity chromatography. Thus, a combination of the novel column technique and genetic engineering has led to a significant improvement in the yield and efficiency of purification of C5 protein.
In constructing the immobilized RNA column, we took advantage of the fact that the 3' terminus of Ml RNA can be altered in various ways without significantly diminishing the function of the molecule (24) . Furthermore, the length of the bridge to the agarose beads was chosen to minimize steric problems and, thus, we anticipated that the immobilized RNA would still retain its catalytic function. However, catalytic activity at the same rate as shown by the equivalent amount of free RNA is detected only in the presence of the protein cofactor. This result prompts the speculation that, for the RNA to function by itself, it must have some degree of conformational flexibility at its 3' terminus that is absent when it is covalently linked to the beads. Conformational change, such as dimerization (26) , as a prelude to catalytic function may be slowed or prevented when Ml RNA is linked to the beads. Indeed, some immobilized protein enzymes have been reported to undergo conformational changes 10_-105 times more slowly than do the free proteins (27) . For the immobilized Ml RNA to become active, through whatever conformational change may be needed, C5 protein must be present as an essential cofactor. The requirement for a protein cofactor in this reaction bears on speculation regarding early biochemical systems. If the first enzymes were composed of RNA and had properties similar to those of Ml RNA, immobilization on the interior of primitive cell membranes or in simple organelles would have created immediate selective pressure for the participation of proteins in enzymatic reactions. The preparation of enzymatically active immobilized RNA may also be of practical significance since catalytically active immobilized proteins have found widespread applications (28) .
Finally, we note that active RNase P can be reconstituted from Ml RNA and the appropriate protein components from HeLa cells (29) and B. subtilis (8) . These observations raise the possibility that the affinity-chromatography procedure we describe here may be useful in purifying the protein components of RNase P from a variety of organisms. The procedure also may be adapted to the purification of protein cofactors that stimulate other reactions known to be catalyzed by RNA (30) or in which ribonucleoproteins are intimately involved (31).
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